Diabetic retinopathy is a debilitating microvascular complication of diabetes mellitus. A rich literature describes the breakdown of retinal endothelial cells and the inner blood-retinal barrier, but the effects of diabetes on the retinal pigment epithelium (RPE) has received much less attention. RPE lies between the choroid and neurosensory retina to form the outer blood-retinal barrier. RPE's specialized and dynamic barrier functions are crucial for maintaining retinal health. RPE barrier functions include a collection of interrelated structures and activities that regulate the transepithelial movement of solutes, including: diffusion through the paracellular spaces, facilitated diffusion through the cells, active transport, receptor-mediated and bulk phase transcytosis, and metabolic processing of solutes in transit. In the later stages of diabetic retinopathy, the tight junctions that regulate the paracellular space begin to disassemble, but there are earlier effects on the other aspects of RPE barrier function, particularly active transport and metabolic processing. With advanced understanding of RPE-specific barrier functions, and more in vivo-like culture models, the time is ripe for revisiting experiments in the literature to resolve controversies and extend our understanding of how diabetes affects the outer blood-retinal barrier.
Introduction
Diabetic retinopathy is a debilitating complication of diabetes. The vascular leakage associated with the disease leads to macular edema, neovascularization, hemorrhage, and consequently, severe vision loss. Growing evidence implicates the breakdown of both the inner and outer blood-retinal barrier (BRB) in the development of disease. These two barriers correspond to the retina's two circulations: the fenestrated choriocapillaris and the inner retinal vascular beds (Fig. 1) . The retinal vessels of the inner BRB originate from the central retinal artery and course through the neurosensory retina, nourishing the inner retinal layers (Bill, 1975; Bill & Sperber, 1990; Chen, 2016) . Unlike the leaky endothelium of the systemic circulation, the retinal endothelial cells are joined by the low-permeability tight junctions that typify the tight junctions of the central nervous system (Butt, Jones, & Abbott, 1990; Rubin & Staddon, 1999) . This selective barrier prevents potentially toxic molecules from entering the inner retina. The outer BRB lies in the choroid and retinal pigment epithelium (RPE) on the opposite side of the neurosensory retina. The capillaries of the choriocapillaris are fenestrated (Korte, Burns, & Bellhorn, 1989) . Although they nourish the outer retinal layers, they are incapable of forming a barrier on their own (Bill & Sperber, 1990; Foulds, 1990) . The RPE lies between the choriocapillaris and neurosensory retina and collaborates with the choriocapillaris and Bruch's membrane to establish the outer BRB. Tissue-specific tight junctions and transporter proteins regulate the high selectivity of the RPE and help to maintain the health of the retina (Reichhart & Strauss, 2014; Rizzolo, Peng, Luo, & Xiao, 2011) .
Study of the inner BRB has dominated research on diabetic retinopathy, and will be the subject of other reviews in this volume. This article will focus on the outer BRB. RPE defines the selectivity of the outer BRB, and RPE cellular functions are critical for maintaining the health and integrity of photoreceptor cells. Alterations of the RPE are observed in diabetic retinopathy, even in early disease. Given the essential functions of RPE, it is important to understand injuries to specific barrier functions of this epithelium http://dx.doi.org/10.1016/j.visres.2017.02.006 0042-6989/Ó 2017 Elsevier Ltd. All rights reserved.
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Normal barrier functions of RPE
The RPE is essential to the survival and function of photoreceptors in the retina. Among its functions, RPE provides nutrients for the retina and removes waste, including the disc membranes shed by the outer segments of photoreceptors (Marmor & Wolfensberger, 1998) . Because the retina lacks lymphatic drainage, the RPE removes the fluid that is extravasated from, but not recovered by, the inner retinal vessels. It also functions in the visual cycle by processing vitamin A and regenerating 11-cis-retinal for transport back to the photoreceptors (Deigner, Law, Canada, & Rando, 1989; Redmond et al., 1998) . Additionally, RPE regulates the ionic environment of the photoreceptors (Reichhart & Strauss, 2014; Rizzolo et al., 2011) . These RPE functions can be categorized by general types of barrier function: regulated paracellular diffusion, facilitated diffusion, active transport, transcytosis, and metabolic modification. Barrier function requires a polarized distribution of plasma membrane channels and transporters and a semi-selective, semi-permeable seal between the neighboring cells of an epithelial monolayer. The paracellular seal is created by tight junctions that encircle each cell and binds neighboring cells. Tight junctions also divide the plasma membrane into apical and basolateral membrane domains. A few RPE-specific examples of barrier function follow ( Fig. 2) :
Paracellular diffusion through the spaces between neighboring RPE cells is regulated by tight junctions. Tight junctions are composed of roughly 100 proteins; the ones that determine paracellular selectivity and permeability are members of the claudin family. Claudins are strand-forming proteins and are responsible for the anastomosing network of strands that join neighboring cells (Fig. 3) . The subset of claudins that are expressed depends on the physiology of the epithelium and can also vary among species and during development. For example, in human RPE claudin-19 and claudin-3 predominate to create a barrier that is slightly cation-selective (Peng, Rao, Adelman, & Rizzolo, 2011; Peng et al., 2016) .
Facilitated diffusion and active transport use specialized transporter proteins to move solutes across the monolayer through the cells. In facilitated transport, solutes diffuse down their electrochemical gradient through channel proteins. In active transport, energy is expended to move solutes and molecules against their electrochemical gradient. Polarized expression of transporter proteins on RPE cells therefore allow the unidirectional movement of substrates (Reichhart & Strauss, 2014; Strauss, 2005) . Facilitated diffusion across one plasma membrane can be combined with a transporter on the opposite plasma membrane to effect active vectorial transport. In RPE, active transport drives Cl À across the apical plasma membrane into the cell. Then, basolateral Cl À channels allow Cl À to diffuse across the basolateral membrane, resulting in active, apical-to-basal transepithelial transport. Transcytosis, uses vesicles to move solutes across the cell. Bulk phase or receptor mediated endocytosis would bring solutes into the cell. Endocytic vesicles that move across the cell then fuse with the opposite plasma membrane and secrete their contents by exocytosis. In RPE, some of the VEGF that is secreted apically is recovered by receptor-mediated endocytosis and secreted from the basolateral membrane (Peng, Adelman, & Rizzolo, 2010) .
Metabolic pathways modify a solute as it moves across the cell. In RPE, vitamin A enters the cell by receptor-mediated endocytosis of the basolateral membrane and is converted to 11-cis-retinal before it is secreted by the apical membrane. Another important metabolic function is the phagocytosis of shed photoreceptor outer segments. RPE then process these endocytosed segments for degradation. In aged individuals, accumulated, undegraded material is extruded through the basolateral membrane.
These barrier functions of RPE are sensitive to environmental changes and changes in cell signaling. The responses to oxidative stressors or thermal injury, for example, indicate some degree of RPE compensation during injury (Han, Lyu, Park, Jang, & Park, 2015; Klettner, 2012) . However, prolonged stress eventually induces RPE dysfunction, which can lead to retinal disease.
Diabetes increases oxidative stress and induces hypoxia in the retina, contributing to the development of diabetic retinopathy (Arden & Sivaprasad, 2011) . These stressors likely impact both the retinal and choroidal circulations supplying the retina. Although the RPE can withstand high levels of metabolic stress, eventual RPE injury in diabetic retinopathy potentially compromises each of the barrier functions mentioned above, thereby compromising the integrity of the neurosensory retina.
Morphological and macro-effects of diabetes on the outer BRB
Both observational and experimental studies on diabetes and the retina demonstrated vascular injury in the disease. Microaneurysms, vessel segmentations, dilations and engorgement can be seen on ophthalmic exam (Ballantyne & Loewenstein, 1944; Gardiner, Archer, Curtis, & Stitt, 2007) . It is thought that these changes are accompanied by altered blood flow and defective autoregulation in the retina, facilitating the progression of disease. Increased vascular permeability is also observed in diabetic retinopathy. For instance, more fluorescein dye was detected in the vitreous of juvenile diabetic patients after systemic injections compared to control subjects (Waltman et al., 1978) . In experimental models, leakage of tracer molecules is increased in diabetic rodent eyes (Grimes & Laties, 1980; Ishibashi, Tanaka, & Taniguchi, 1980) . As the understanding of diabetic retinopathy increased, researchers began investigating whether effects on the outer BRB were a significant underlying contributor to diabetic retinal edema.
Even in early studies that demonstrated leakage from inner retinal vessels, alterations and leakage from the outer BRB were often also noted by the investigators. Histology of post-mortem eyes from diabetic and control patients showed leakage of albumin into (Chen, 2016) . the retina from both the inner BRB and outer BRB (Vinores, Gadegbeku, Campochiaro, & Green, 1989) . In rodent models, diabetic animals showed increased tracer leakage from outer BRB, through the RPE, compared to control (Grimes & Laties, 1980; Wallow, 1983; Xu & Le, 2011) . The increased permeability across the outer BRB indicates compromised RPE function.
Electron microscopy imaging of the retina in diabetic rats revealed disruptions in the RPE layer, including loss and degeneration of RPE cells. Many RPE cells were found to contain altered organelle morphology, such as shrunken or ovoid nuclei, dilated and reduced endoplasmic reticulum, in-folding of cell membrane and altered melanosome distribution (Blair, Tso, & Dodge, 1984; Tarchick, Bassiri, Rohwer, & Samuels, 2016; Tso, Cunha-Vaz, Shih, & Jones, 1980; Wallow, 1983 ). An interesting finding from these studies was that RPE cells were also observed to grow on top of one another. This was hypothesized to be a compensatory mechanism used by RPE to minimize the leakage of fluid into the retina. Photoreceptor outer segments, which are normally in direct contact with RPE, were found to be a disorganized and reduced in number (Enzsoly et al., 2014; Tso et al., 1980) . From these studies, it is impossible to discern whether the photoreceptor degeneration was secondary to the alterations in RPE or an independent degenerative event.
There is evidence that the altered morphology is associated with compromised function of the RPE monlayer. Electroretinogram (ERG) is a method to assess retinal function by measuring the electrical activity of the retina in response to light stimulus. Specific waveforms in an ERG can be correlated to a specific type of retinal cell; for example, the c-wave mainly corresponds to the RPE cell signals. The amplitude of the c-wave was reduced in diabetic rodents (MacGregor & Matschinsky, 1985; Pautler & Ennis, 1980; Samuels, Lee, Petrash, Peachey, & Kern, 2012) . In mice, the diminished c-wave was evident 2 weeks after onset of diabetes, but before photoreceptor dysfunction was detected (Samuels, Bell, Pereira, Saxon, & Peachey, 2015; Tarchick et al., 2016) . These studies support the hypothesis that RPE damage is an early event in the development of diabetic retinopathy. Additionally, recent studies have begun to elucidate the factors involved in hyperglycemia-induced RPE apoptosis (Beasley et al., 2014; Hao et al., 2010; Kim et al., 2014 Kim et al., , 2015 . Given the critical role of RPE in the retina, RPE cell dysfunction and death in diabetes naturally would contribute significantly to retinal dysfunction in diabetic retinopathy, leading to the severe consequences on vision.
Molecular and cellular disruption of RPE barrier functions in diabetes

Alterations in RPE tight junctions
Diabetic macular edema is one manifestation of diabetic retinopathy. Retinal thickening at the macula is observed, due to an increase of interstitial fluid. As edema worsens, fluid-filled cysts become evident on retinal imaging by optical coherence tomography (OCT) (Fig. 4) . It is well accepted that the breakdown in cellcell junction of retinal endothelial cells likely contributes to leakage into the interstitium. Recent evidence suggests that cell-tocell tight junctions of RPE cells are also compromised in diabetic retinopathy and may contribute a significant proportion of the leakage. Further, leaky tight junctions would dissipate the Cl À gradient that RPE uses to pump fluid out of the retina (see Section 4.2). It is challenging to measure the function of tight junctions in vivo. The several assays reported in the literature include the diffusion of tracers injected into the systemic circulation, monitoring the distribution of proteins of the tight junction, and a novel assay that examines the ability of RPE to reduce a subretinal bleb detachment. Smaller solutes cross tight junctions via the ''pore" pathway illustrated in Fig. 3A (Liang & Weber, 2014; Rizzolo et al., 2011) . This is a large capacity pathway used by inorganic ions and small organic solutes. Solutes with a radius >4 Å cross tight junctions via the ''leak" pathway created by transient strand breaks The apical membrane appears at the top. 1) Small solutes can diffuse across tight junctions, but the junctions allow some solutes to diffuse more readily than others. 2) Channels allow diffusion in either direction, but are specific for certain solutes. 3) Active transport: The Na/KATPase uses the energy of ATP to pump ions vectorially across the plasma membrane. The electrochemical gradients that they establish drive other solutes vectorially through channels, cotransporters, and antiporters. 4) Transcytosis: Bulk phase transcytosis is illustrated. Receptor-mediated transcytosis may also occur. 5) Solute modification: Solutes, e.g., all trans-retinol enters the cell by receptor-mediated endocytosis. The solute is modified as it crosses the monolayer. Modified from Rizzolo et al. (2011) with permission. Fig. 3 . Structure of the outer blood-retinal barrier. A) The barrier is the collaboration between a fenestrated capillary bed that is separated from RPE by a pentilaminar Bruch's membrane. When enlarged and viewed in cross-section, the tight junctions appear as pentilaminar structures where the lateral membranes ''kiss". When viewed en face, tight junctions appear as a belt of anastomosing strands. Gap junctions are embedded in the network. Leak Pathway: The strands are dynamic structures that open and close to admit solutes >4 Å into compartments within the network. Eventually, these solutes can diffuse to the other side of the junctions. Pore pathway: Solutes <4 Å can passively diffuse through ''pores" along the apposed strands of neighboring cells. B-D) Electron micrographs of freeze-fracture replicas show immature and mature tight junctions of chick RPE during development. Microvilli (m) at the top of each panel indicate the apical end of the lateral membrane. Gap junctions (g) lie near the apical membrane within the network of strands. B&C) At an early embryonic age the tight junctions exhibit discontinuities in the anastomosing network of strands (arrowheads). In some regions strands were completely absent (not shown). D) At a later age, when the maturation process was complete, a complete network of strands was observed in all replicas. EF, Eface; PF, P-face; Bar, 0.25 mm. Taken in the anastomosing strands that are not captured by freezefracture electron microscopy (Sasaki et al., 2003) . Most tracers used have a hydrodynamic (Stoke's) radius >4 Å. Therefore, the leak pathway is most commonly assayed in in vivo studies, and often reveals complete breaks in the network of anastomosing strands. To illustrate the point, freeze fracture images of mature and immature tight junctions are shown in Fig. 3B -D. Immature junctions are leakier to large solutes because of permanent discontinuities in the anastomosing network of strands (Rahner, Fukuhara, Peng, Kojima, & Rizzolo, 2004) .
A range of FITC-labeled dextrans (10 kDa-70 kDa) were used as tracers in a rodent model of diabetes (Xu & Le, 2011) . The corresponding range of Stokes radii was 19 Å-65 Å. Diffusion of the tracers across the barrier was observed only in diabetic animals, and was inversely related to size as would be expected for a diffusion-mediated process. The investigators supplemented this assay by examining cross sections of the retina. Leaks were confined to discrete focal points. Notably, the number of foci was also dependent on the size of the tracer: 10 kda > 20 kda > 40 kda > 70 kda. These data imply that in diabetic retinas there were focal breaks of varying size in the anastomosing network of tight junctional strands (Fig. 3B&C) . This interpretation was corroborated by the finding that the tight junction protein, occludin was not uniformly distributed along the tight junction -discontinuities were observed in a subset of cells (Xu & Le, 2011) . Relying on the data obtained with 10 kDa FITC-dextran in diabetic mice, the ratio was calculated for tracer that leaked from the outer BRB to the amount from the inner BRB yielding, 1/2.48. In other words, the outer BRB contributed to more than 1/3 of the total leakage in diabetic retinas. The mechanism for the leakage and effects on other tight junction proteins were not examined. It is unclear whether occludin was redistributed to internal pools or degraded. Without studying other tight junction proteins, it is unclear whether occludin was the primary cause or secondary effect of tight junction dysfunction. Differentiating the mechanism can elucidate how diabetes affects tight junctions at the molecular level, thereby providing targets for therapeutic intervention. Nevertheless, these results do demonstrate an association between disruptions of the RPE cell junctions and significant leakage from the outer BRB.
An assay was devised to measure the ability of RPE to pump fluid from the apical to the basal side of the monolayer (Desjardins et al., 2016) . The investigators also used Evans Bluelabeled albumin as a tracer (Stoke's radius, 35 Å). In this rat model of diabetes, leakage of albumin was not observed in the inner or outer BRB, which suggests they were looking at an early stage of the disease, before breaks in the tight junctions became evident. A small, retinal-bleb detachment was formed by injecting fluid into the subretinal space, and the time required for RPE to reduce the bleb was measured. The time required was longer in diabetic rats, compared to controls. The increased resorption time could result from backflow of fluid leaking through the tight junctions into the bleb, disruption of active transport by dissipating the chloride gradient across the cells (Section 4.2), or disruption of the pumps and channels responsible for establishing the gradient. The study did not distinguish among these possibilities, but did identify an early stage of RPE dysfunction that occurred before the strand breaks observed in the study above (Xu & Le, 2011) . To examine the structure of tight junctions the investigators assayed ZO-1 instead of occludin. Instead of discontinuities, the tight junctions seemed to be wider with small pores. Since ZO-1 participates in adherens junctions in cells that lack tight junctions (Dermietzel & Krause, 1991; Tserentsoodol, Shin, Suzuki, & Takata, 1998) , it is conceivable that the tight junctions may have dissociated, but the underlying adherens junction remained intact. Intact adherens junctions would retard the diffusion of solutes with a Stoke's radius !35 Å, as observed in the outer limiting membrane (BuntMilam, Saari, Klock, & Garwin, 1985) . Claudins form the anastomosing strands observed in Fig. 3 , but the effects of diabetes on claudins of RPE or retinal capillaries have not been reported. To properly evaluate tight junctions by immunofluorescence, claudin, ZO-1, and occludin should all be studied, because they play different roles in the function of tight junctions. Further, the distribution of the proteins along a plane perpendicular to the monolayer should be examined to distinguish localization to tight junctions from proteins localized along the length of the lateral plasma membrane.
Controversy surrounds the potential for vascular endothelial growth factor (VEGF) to affect the tight junctions of RPE. The controversy is important because of the increase of retinal VEGF that occurs during diabetic retinopathy (Miller, Le Couter, Strauss, & Ferrara, 2013; Stewart, 2012; Wang, Xu, Elliott, Zhu, & Le, 2010) . VEGF was originally named vascular permeability factor and was first discovered in tumors where the blood vessels were highly permeable due to increased fenestration of the endothelial cells (Dvorak, Brown, Detmar, & Dvorak, 1995; Senger et al., 1983) . VEGF also induces angiogenesis in tumors and pathologic processes such as inflammation and wound healing. During development, temporally and spatially coordinated VEGF expression directs blood vessel growth to cover the retina (Chen, 2016) . In developed retinas, VEGF secreted through the basolateral membrane of RPE maintains fenestra on the RPE-facing side of the choriocapillaris (Burns & Hartz, 1992; Korte et al., 1989) , while apically secreted VEGF serves non-vascular needs of the neurosensory retina (Nishijima et al., 2007; Saint-Geniez et al., 2008) . VEGF is predominantly secreted by the basolateral membrane (Shi et al., 2008 ), but closer examination shows that secretion of newly synthesized VEGF is actually non-polarized (Peng et al., 2010) . The concentration of VEGF in the subretinal space is regulated by receptor mediated endocytosis and transcytosis (Fig. 2, pathway  4) . The combination of biosynthetic secretion and transcytosis maintains a high concentration of VEGF for the choriocapillaris and a necessary, non-pathologic concentration of VEGF in the outer neurosensory retina.
Much of the controversy that relates to VEGF concerns the culture models that were used and the reliance on the transepithelial electrical resistance (TER), as a measure of tight junction permeability. It is important to remember that TER is an amalgam of paracellular and transcellular resistance and an indirect measure of ion permeability Yu et al., 2009 Miyamoto et al., 2008) , while others report a slight increase (Ghassemifar, Lai, & Rakoczy, 2006) or no change at all (Peng et al., 2010) . The best culture models tend to be derived from primary cultures of fetal or neonatal tissue (Rizzolo, 2014) . Stem-cell derived RPE also shows great promise (Miyagishima et al., 2016) , and recently a superior method of making primary cultures of human adult RPE has been devised (Blenkinsop et al., 2015) . Three guidelines emerge from studies of RPE as a culture model: 1) Serum on the apical side of the monolayer can decrease (rodents) or increase (human) TER. 2) To approximate mammalian RPE in vivo, TER should be in the range of 150-300 O Â cm 2 . 3) More than a month post-confluence is required to achieve stable resistance in the best of circumstances. Many studies are performed with the ARPE-19 cell line, but these studies are particularly troubling. Gene expression and barrier properties do not become stable until 3-6 months post-confluence, and with cell passage the cultures become heterogeneous, even though the cultures pass verification by short-tandem-repeat profiling (Geisen, McColm, King, & Hartnett, 2006; Luo, Zhuo, Fukuhara, & Rizzolo, 2006; Peng et al., 2016) . Despite the expression of ZO-1 and occludin, uniform expression of claudins is not observed in ARPE-19, and claudins are the strand-forming proteins responsible for barrier function of tight junctions. When claudin-19 or claudin-3 were exogenously expressed in late-passage ARPE-19 cells, RPE-specific properties and gene expression were partially restored in days rather than months (Peng et al., 2016) . This approach might improve the utility of ARPE-19 for studies related to tight junctions. Studies using highly differentiated human fetal RPE (hfRPE) found VEGF had minimal effects on TER in culture, but did not explore effects VEGF might have on other barrier properties (Peng et al., 2010) .
Alterations in RPE active transport
Tight junctions maintain the ion gradients essential for transcellular transport mechanisms to function, but diabetes can also affect the transport mechanisms directly. The Na/K-ATPase is the principle source of energy for active transport in the RPE. This electrogenic pump uses the energy of ATP to pump 3 Na + out of the cell for every 2 K + it pumps in. Although the Na/K-ATPase is enriched in the apical membrane, a substantial amount is found in the basolateral membrane (Okami et al., 1990) . This modest polarity is less important than the transmembrane electrical, Na + , and K + gradients that it generates. These gradients drive vectorial transport across the apical and basolateral membranes using the various channels and transporters illustrated in Figs. 2, 5, and 6. It is the polarized distribution of those proteins that is critical. In animal models, Na/K-ATPase activity is significantly decreased in diabetes (Bensaoula & Ottlecz, 2001; Crider, Yorio, Sharif, & Griffin, 1997; MacGregor & Matschinsky, 1986) . Similar effects of diabetes on Na/K-ATPase activity are found in other tissues as well, such as peripheral nerves and aorta (Greene, 1986; Michea, Irribarra, Goecke, & Marusic, 2001 ). The diminished gradients that result from reduced activity of the Na/K-ATPase would result in reduced apical-to-basal transport of Cl À (Fig. 5 ) Normally, cations would passively follow Cl À via polarized channels of their own, and H 2 O would use water channels, aquaporins, to travel down the transepithelial osmotic gradient established by the apical-to-basal movement of salt (Reichhart & Strauss, 2014; Wimmers, Karl, & Strauss, 2007) . Therefore, inadequate activity of the Na/K-ATPase activity would contribute to retinal edema, as manifest in diabetes. In a second example, lactic acid that accumulates in the subretinal space due to photoreceptor activity uses a pH gradient to move across the RPE (Fig. 5) . Intracellular pH is regulated by Na/HCO 3 cotransporters. The Na Additionally, transepithelial transport of lactic acid out of the retina would augment the osmotic gradient that drives the removal of H 2 O from the subretinal space. Although not specifically studied, diabetes might lead to dysregulation of intracellular pH regulation and thereby impair cellular function and viability (Reichhart & Strauss, 2014) . In a third example of active transport, the outer retina relies on RPE to supply amino acids. Taurine is the most abundant free amino acid in the retina (Macaione, Ruggeri, De Luca, & Tucci, 1974) . It functions as an antioxidant and may attenuate the spread of cell death in RPE cells (Macaione et al., 1974; Udawatte, Qian, Mangini, Kennedy, & Ripps, 2008) . Taurine deficiency can lead to severe damage to photoreceptors (Ripps & Shen, 2012) . Therefore, decreased RPE transport of taurine in diabetes and subsequent taurine depletion from the retina could contribute to visual impairment. An early study found a 40% increase in the uptake of taurine by diabetic rat RPE compared to control RPE and a 48% decrease in aspartate uptake (Vilchis & Salceda, 1996) . While RPE taurine uptake may be increased, there was an overall depletion of free amino acids in diabetic retina compared to control, including a 50% reduction in free taurine. A later study in human RPE found that under high glucose conditions there was decreased gene expression for the Na + -taurine co-transporter (Nakashima et al., 2005) . The expression of the Na + -taurine co-transporter was also reduced by overexpression of aldose reductase, a mediator of oxidative stress in hyperglycemia.
Alterations in RPE facilitated transport
RPE glucose transport
The retina and RPE are highly metabolically-active tissues with substantial demands for glucose. SLC2A genes encode a family of facilitated glucose transport proteins. Fourteen family members have been characterized. Several family members are expressed during chick RPE and fall into two classes: those expressed throughout development and those whose expression increases in parallel with maturation of the outer BRB (Ban & Rizzolo, 2000; Sun, Peng, Chen, Zhang, & Rizzolo, 2008) . The former class appears to serve the RPE's basic needs, whereas the latter class appears to serve transepithelial transport of glucose to supply the retina. The latter class includes SLC2A1 and SLC2A11. In a culture model of RPE development, the expression of SLC2A1 and SLC2A11 was induced by secretions of the neurosensory retina. The subcellular localization of these proteins was not examined in chick RPE, but in hfRPE, glucose transporter-1 localized to both the apical and basolateral membranes (Senanayake et al., 2006) .
SLC5A genes encode a second family of glucose transporters that are coupled to the cotransport of Na + . In chick RPE, the expression of SLC5A1 also increased as the outer blood-retinal barrier matured and was also induced by retinal secretions (Sun et al., 2008) . SLC5A3 and SCL5A6 are Na + -coupled glucose cotransporters that are expressed in hfRPE, but expression at the protein level and subcellular localization were not determined (Peng et al., 2013) . A reasonable hypothesis for the localization of Na + -coupled cotransporters is that they would be found in the basolateral membrane (Fig. 6 ). The hypothesis is based on studies of glucose transport in the intestines (Kellett, Brot-Laroche, Mace, & Leturque, 2008) . In basal conditions, the Na + -coupled cotransporter is in the apical membrane and glucose transporter-2 is in the basolateral membrane of the intestinal epithelium. Active transport would be used to absorb glucose when its concentration in the lumen of the intestine was low. After a high glucose meal, an internal store of glucose transporter-2 rapidly moves to the apical membrane and facilitated diffusion becomes dominant. In the RPE, glucose transporter-1 always resides in both plasma membranes. Cotransporters in the basolateral membrane would use the transmem-brane Na + gradient to drive glucose into the RPE even if the concentration of blood sugar was low. Glucose would diffuse into the neurosensory retina via the apical glucose transporter-1, where it would be rapidly removed by photoreceptors (Rizzolo, 2008) . A Na + -coupled cotransporter in the basolateral membrane might also help solve the quandary of which route Na + uses to enter the cell through the basolateral membrane (Reichhart & Strauss, 2014) . In animal studies of diabetes, expression of glucose transporter-1 decreased in the retinal vasculature, but was unaffected in the RPE (Badr, Tang, Ismail-Beigi, & Kern, 2000) . Studies with cultured RPE depended upon the culture model. In ARPE-19 cells exposed to high glucose (25 mM) for 8 h, glucose transporter-1 was downregulated via activation of the Akt pathway. As a result, uptake of Dglucose decreased (Kim et al., 2007) . Consistent with its character as an inducible protein, downregulation of glucose transporter-1 was due to protein degradation rather than an effect on mRNA steady-state levels. The negative feedback of glucose transporter-1 may be a mechanism to protect the retina from hyperglycemia. The study did not investigate how SLC2A1 mRNA levels would change with >24 h exposure to high glucose. By contrast, a study that used primary cultures of human adult RPE found that high glucose (22 mM) increased the V max for glucose uptake without affecting glucose transporter-1 expression or intracellular distribution (Busik, Olson, Grant, & Henry, 2002) . Steady-state levels and subcellular localization of the glucose transporter were not affected after 72 h in high glucose medium. These studies of hyper- A) The intestine between meals: The co-transporter, SGLT1, localizes to the apical membrane and a glucose channel (GLUT2) localizes to the basolateral membrane. The Na/K-ATPase provides the driving force for active transport of glucose out of the intestine. B) In RPE, a basolateral located co-transporter would drive transport in the apical to basal direction. Modified from Rizzolo (2008) with permission. glycemia should be repeated using highly-polarized, welldifferentiated models of RPE, such as hfRPE, and extended to include Na + -coupled glucose cotransporters. More work is required to understand the effects of diabetes on SLC2A and SLC5A expression in RPE and their roles in the development of retinopathy.
RPE facilitated H 2 O transport in diabetes
RPE maintains fluid homeostasis in the retina by removing fluid that is extravasated by the retinal vasculature. Besides the ionic and osmotic gradients that drive H 2 O in the apical-to-basal direction (Section 4.2), there needs to be a pathway for H 2 O to cross the monolayer. The major pathway involves aquaporins, a family of facilitated transport proteins for H 2 O. Aquaporins function in various parts of the eye and central nervous system, and may have additional roles that mediate cell migration and neural signal transduction (Verkman, Ruiz-Ederra, & Levin, 2008) . To date, 13 aquaporins have been identified in mammals, and RPE expresses most of them (Juuti-Uusitalo et al., 2013; Ortak et al., 2013; Schey, Wang, & Qi, 2014) . In diabetes, investigators reported significant changes in the expression and distribution of aquaporins within the neurosensory retina (Fukuda et al., 2010; Iandiev, Pannicke, Reichenbach, Wiedemann, & Bringmann, 2007; Kaneko et al., 2008) , but few studies focused on aquaporin specifically in RPE. One study found that AQP5, 9, 11, and 12 were upregulated in the RPE of diabetic rats, and AQP0 was downregulated (Hollborn et al., 2011) . Diabetic retinopathy includes cellular stressors such as hypoxia and oxidative stress. When primary cultures of human RPE were subjected to these stressors, AQP9 was upregulated (Hollborn et al., 2012) . The investigators hypothesized that increased aquaporin expression would protect against retinal edema during cellular stress by increasing fluid resorption. Another study suggests that hyperosmolarity, not necessarily glucose specifically, can mediate changes in aquaporin expression: ARPE-19 cells exposed to an osmolar stress of 400 mM sucrose or 200 mM NaCl decreased AQP4 expression within 10 min of treatment (Willermain et al., 2014) . The cellular mechanisms mediating the upregulation of one aquaporin protein versus the downregulation of another during diabetes and cellar stress are poorly understood and calls for further investigation.
Alterations of RPE metabolism: The visual cycle
RPE actively participates in the visual cycle for visual processing. Briefly, as vitamin A is transported from blood, across the RPE, to the photoreceptors, it is esterified and isomerized to 11-cis-retinal by several enzymes including RPE65 (pathway 5, Fig. 1 ). Phototransduction occurs in photoreceptors when light stimulation converts 11-cis-retinal to 11-trans-retinal. To reisomerize the 11-trans-retinal, it must be returned to RPE (Bok, 1990; Thompson & Gal, 2003) . The protein that shuttles retinals back and forth across the subretinal space is the interphotoreceptor retinoid-binding protein (IRBP).
Early studies indicated that vitamin A storage and transport are altered in diabetes. Hepatic retinol storage was higher but plasma retinol was lower in diabetic patients compared to non-diabetic controls (Basu, Tze, & Leichter, 1989; Krempf, Ranganathan, Ritz, Morin, & Charbonnel, 1991) . Later studies indicated that retinal concentrations decreased in diabetic retinas, reflecting the global decrease in plasma levels (Tuitoek et al., 1996) . Additionally, IRBP was reduced in the vitreous of diabetic patients compared to nondiabetic patients (Garcia-Ramirez et al., 2009) .
The effect of diabetes on vitamin A processing in RPE is still under investigation. After 3 months of diabetes, immunostaining for RPE65 was significantly decreased in the RPE layer compared to RPE layer of control animals (Kirwin et al., 2011) . Together with the decreased transport of retinoids in the systemic circulation and decreased IRBP in the retina, the decrease in RPE65 in RPE suggests a decreased supply of 11-cis-retinal for photoreceptors. These deficits in the visual cycle may provide an additional mechanism for decreased vision in diabetes.
Conclusions
The most obvious breakdown of the BRB is manifest in the vasculature of the inner retina, with the consequence that the outer BRB has received little attention. The progress made in understanding the five pathways of transepithelial transport across the RPE should encourage the field to re-examine the effects of diabetes on the outer BRB. Certainly, tight junctions disassemble in the latter stages of the disease, but subtler effects on barrier function may contribute significantly to the pathophysiology.
Hyperglycemia can have detrimental effects on RPE by decreasing the activity of Na/K-ATPase and consequently the electrochemical gradients that drive transcellular transport. Disruption of the electrochemical gradients would compromise the supply of nutrients to the retina and hinder the removal of metabolic waste. It would also upset the ionic milieu of the subretinal space that is essential for neuronal function. Controversy remains over how diabetes affects alterations in tight junction proteins, glucose transporters, and aquaporin proteins. These alterations may result directly from the damaging effects of hyperglycemia or may be RPE's compensatory response to the stress created by the disease.
Current research demonstrates that diabetes affects many aspects of RPE barrier function. During the 40+ years covered by this review, substantial progress has been made in understanding the various aspects of the barrier formed by RPE and in ways to model it reliably in culture. Investigators are encouraged to revisit many of these studies using highly-polarized cultures with in vivolike TER and low permeability tight junctions.
